Inelastic neutron scattering on the spin-chain compound Sr3NiIrO6reveals gapped quasi-1D magnetic excitations. The observed one-magnon band between 29.5 and 39 meV consists of two dispersive modes. The spin wave spectrum could be well fitted with an antiferromagnetic anisotropic exchange model and single ion anisotropy on the Ni site. The extracted dominant anisotropic antiferromagnetic intra-chain exchange interaction between Ir and Ni ions are Jz = 19.5 meV and Jxy = 12.1 meV. These values justify previous electronic structure calculations, showing the importance of Ir spin orbit coupling on the electron correlations. The magnetic excitations survive up to 200 K well above the magnetic ordering temperature of TN ∼ 70 K, also indicating a quasi-1D nature of the magnetic interactions in Sr3NiIrO6. Our results not only support the idea of the existence of a new temperature scale well above TN , but also emphasize the need to consider new exchange paths complicated by the SOC, resulting in additional characteristic temperatures in such spin-chain systems. Low-dimensional systems, in which quantum mechanical wave function is confined in one or two spatial dimensions, exhibit some of the most interesting physical phenomena seen in condensed matter physics [1, 2]. One of these, (quasi-) onedimensional (1D) spin chain is important for understanding low-dimensional magnetism [1][2][3][4][5][6][7][8][9][10][11][12] and useful for advancing quantum communications [4, 5]. The study of quantum spin chains has a long history, going back at least to the remarkable exact solution found by Bethe in 1931 for the spin-1/2 case [1]. Spin wave theory, developed by Anderson [13], Kubo [2] and others in the 1950s [14][15][16][17], has given a clear physical picture of the behavior of threedimensional (3D) antiferromagnets (AFM) [18, 19]. However, 1D case remained rather mysterious as compared to the higher dimensions. Regarding 1D case, Haldane first suggested that integer-spin AFM Heisenberg spin chains have a finite gap, and only the half-odd-integer chains are gapless [20, 21] .
Inelastic neutron scattering on the spin-chain compound Sr3NiIrO6reveals gapped quasi-1D magnetic excitations. The observed one-magnon band between 29.5 and 39 meV consists of two dispersive modes. The spin wave spectrum could be well fitted with an antiferromagnetic anisotropic exchange model and single ion anisotropy on the Ni site. The extracted dominant anisotropic antiferromagnetic intra-chain exchange interaction between Ir and Ni ions are Jz = 19.5 meV and Jxy = 12.1 meV. These values justify previous electronic structure calculations, showing the importance of Ir spin orbit coupling on the electron correlations. The magnetic excitations survive up to 200 K well above the magnetic ordering temperature of TN ∼ 70 K, also indicating a quasi-1D nature of the magnetic interactions in Sr3NiIrO6. Our results not only support the idea of the existence of a new temperature scale well above TN , but also emphasize the need to consider new exchange paths complicated by the SOC, resulting in additional characteristic temperatures in such spin-chain systems. Low-dimensional systems, in which quantum mechanical wave function is confined in one or two spatial dimensions, exhibit some of the most interesting physical phenomena seen in condensed matter physics [1, 2] . One of these, (quasi-) onedimensional (1D) spin chain is important for understanding low-dimensional magnetism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and useful for advancing quantum communications [4, 5] . The study of quantum spin chains has a long history, going back at least to the remarkable exact solution found by Bethe in 1931 for the spin-1/2 case [1] . Spin wave theory, developed by Anderson [13] , Kubo [2] and others in the 1950s [14] [15] [16] [17] , has given a clear physical picture of the behavior of threedimensional (3D) antiferromagnets (AFM) [18, 19] . However, 1D case remained rather mysterious as compared to the higher dimensions. Regarding 1D case, Haldane first suggested that integer-spin AFM Heisenberg spin chains have a finite gap, and only the half-odd-integer chains are gapless [20, 21] .
Significant effort has been devoted over the past several decades to understand the behavior of frustrated quasi-1D spin systems [22] , which exhibit a rich variety of phases due to the enhanced quantum fluctuations in reduced dimensionality. The spin-chain systems with general formula A 3 MM'O 6 (A denotes Sr, Ca, etc and M/M' denotes transition metals) have attracted much attention in recent years, due to their reduced dimensionality [12, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . This structure consists of 1D chains that are oriented along the c-axis and arranged in a triangular lattice in the ab plane (see Fig. 1 ). The chains are formed by alternating face-sharing MO 6 trigonal prism and M'O 6 octahedra, and intercalated by A 2+ cation, thus forming a hexagonal arrangement as shown in Fig. 1 .
Among these spin chain systems, the Ca-based system such as Ca 3 Co 2 O 6 has been extensively investigated [23, 24, [31] [32] [33] [36] [37] [38] . The present work is primarily motivated by the original report [39] that there exists a characteristic temperature, T * , well above long-range magnetic ordering temperature due to incipient spin-chain order [40, 41] . Such investigations are however rare for Sr-based systems. The Sr-based spin chain system [26, [42] [43] [44] has become a hot topic in condensed matter physics recently owing to its chemical flexibility [45] . A strong intra-chain exchange coupling, which may change sign depending on the metal atom, could exist in Sr 3 MIrO 6 (M=metal) besides the strong spin-orbit coupling (SOC) of Ir (effective S = 1/2) may lead to an anisotropic exchange interactions [28, 29] and spin anisotropy in the high-spin carrier such as Ni
. Sr 3 MIrO 6 , with M=Co, Cu, Ni, and Zn, have been studied previously [26, 28, 29, 46, 47] . In this connection, magnetic investigations on some of these compounds can be found in our past literature [43, 48, 49] . In Ref. [50] , the resonant inelastic X-ray scattering (RIXS) data revealed gapped spin wave excitations in Sr 3 CuIrO 6 that could be fitted using linear spin wave theory, where a spin-1/2 chain with an anisotropic exchange interactions induced by the SOC was adopted. When M=Zn (completely filled 3d-shell), AFM spin-1/2 chains are expected for Sr 3 ZnIrO 6 owing to the super-exchange mechanism between Ir atoms via oxygen ligands [10, 51] . In contrast, for M=Ni (S = 1 for Ni 2+ , following the Hund's rule), an alternating chain of spin-1/2 and spin-1 ions are formed along the c-axis [47] . One would expect a ferromagnetic interaction between Ni and Ir spins owing to the orthogonality between 3d and 5d orbitals as was first shown by ab initio calculations [28] . However, recent experimental and theoretical results have shown that the coupling is AFM [29, 52] . This might be due to the strong SOC, which may affect the exchange pathway, thus changing the sign of exchange interaction [29] . A good understanding of the magnetic properties of Sr 3 NiIrO 6 may require both high-resolution probing technique and spin wave calculations, in which the SOC is presented in the form of anisotropic exchange interaction and spin anisotropies. We have also carried out the magnetization and heat capacity measurements of Sr 3 NiIrO 6 to characterize the sample quality [53] .
In this Letter, we present a combination of INS measurements and spin-wave calculation for Sr 3 NiIrO 6 (the first study of this type). Polycrystalline sample of Sr 3 NiIrO 6 was prepared by solidstate reactions of NiO, IrO 2 and SrCO 3 [53] . The X-ray powder diffraction (XRD) study at 300 K shows that the Sr 3 NiIrO 6 sample was single phase and crystallized in the space group R3c (space group No.: 167). The INS measurements were performed between 5 and 300 K using the high count rate timeof-flight chopper spectrometer, MERLIN at the ISIS facility, UK. To reduce the neutron absorption problem from Ir, we filled the fine powder of Sr 3 NiIrO 6 in a thin-Al envelop. The sample was cooled down to 5 K inside the He-exchange gas using a closed cycle refrigerator. The INS measurements were carried out with various incident neutrons energies: E i = 15, 80, 150 and 500 meV. The color-coded INS intensity maps of Sr 3 NiIrO 6 measured at various temperatures between T = 5 and 300 K with E i = 80 meV are shown in Fig. 2(af) . At T = 5 K, with the momentum transfer |Q| below 4Å −1 , a strong scattering peak can be clearly observed between 29.5 meV and 39 meV (Fig. 2) , without any sign of scattering below 30 meV at low-Q. Furthermore, we have not observed any clear magnetic signal above 50 meV in high-energy measurements up to 500 meV. The magnetic origin of the strong scattering in the 29.5-39 meV band is established by the initial reduction in the energyintegrated inelastic intensity as a function of |Q| (see −1 caused by spin-wave excitation, and then an increase with |Q| due to phonon scattering. The presence of the phonon scattering is revealed in the color maps (Fig. 2) by a large enhancement in the intensity between 10 meV and 40 meV at high-Q (|Q| ∼ 8 − 10Å −1 ). We attribute the observed magnetic excitations between 29.5 and 39 meV for |Q| below 4Å −1 to spin wave scattering from Ni 2+ and Ir 4+ ions in the magnetically ordered state below 70 K [52] , as expected. Amazingly, the spin wave excitations survive up to T = 200 K ( Fig.  2(a-e) ). In addtion, the temperature hardly affects the magnon lifetime. This type of low-dimensional magnetic anomaly could be correlated to the characteristic temperature, T * , proposed for this family of compounds [39] , which was subsequently confirmed by the observation of spin wave excitation in INS study of the single crystal and powder Ca 3 Co 2 O 6 [31, 32] . Sr 3 NiRhO 6 (spin-1 and spin-1/2 alternating chain), similar to Sr 3 NiIrO 6 , has also revealed a clear magnetic excitation near 20 meV up to 100 K, which is well above its T N = 65 K [43] . In addition, the INS study on Sr 3 ZnIrO 6 , which is formed by spin-1/2 chains, has showed spin wave excitations near 4 meV (5 meV) at 5 K, but the excitations disappear at T N = 19 K (16 K). The comparison between Sr 3 NiIrO 6 and Sr 3 ZnIrO 6 suggests that there exists a one-dimensional magnetic nature in the former whereas the latter lacks in it.
This difference can be understood as follows. The presence of a giant spin gap and large zoneboundary energy in Sr 3 NiIrO 6 , can be explained only if there exists strong anisotropic magnetic exchange interaction and/or single-ion anisotropy owing to SOC. This is further supported by the small spin gap observed in Sr 3 ZnIrO 6 in which the SOC would have similar strength compared to that in Sr 3 NiIrO 6 . In addition, the intra-chain and interchain Ir-Ir distances are very similar (∼ 5.8Å) in Sr 3 ZnIrO 6 , which is much larger than the nearestneighboring Ni-Ir distance (∼ 2.7Å) in Sr 3 NiIrO 6 . Hence it is expected that the intra-chain interaction is comparable to the inter-chain interaction in Sr 3 ZnIrO 6 , while the intra-chain coupling is dominant in Sr 3 NiIrO 6 . This could result in the disappearance of 1D magnetism in Sr 3 ZnIrO 6 .
To see the development of the inelastic magnetic scattering (at low-Q, 0 to 3.5Å −1 ) and the phonon excitations (appear at high-Q, 8 to 10Å
−1 ), we have extracted Q-integrated energy cuts from the INS data as shown in Fig. 3(a-d) . At low-Q, between 5 and 100 K, we can see a strong inelastic peak near 30 meV with a shoulder near 35 meV (second peak) in Fig. 3(a-b) , which remains nearly temperature- independent up to 100 K. In high-Q cuts ( Fig. 3(cd) ) the absence of this 30-35 meV peak indicates that it is due to magnetic excitations and its intensity decreases with Q as expected from the magnetic form factor of Ni 2+ and Ir 4+ ions (see Fig. 2 (b) in [53] ). Furthermore, at high-Q, a strong peak near 15 meV (Fig. 3(c-d) ) is due to phonon excitations as its intensity is very weak at low-Q. Between 150 K and 300 K, at low-Q, the intensity at 30-35 meV peak decreases and almost disappears at 300 K, but that of 15 meV peak increases. To see magnetic excitations clearly, we have subtracted phonon scattering from the 5 K data using the data of 300 K. The magnetic scattering at 5 K thus derived in Fig.  4 (a) reveals a clear magnetic excitation between 30 and 39 meV. To check the Q-dependent intensity of these excitations, we made Q-integrated cuts in three different ranges (Fig. 4(c) ):
These cuts show a double-peak structure with a stronger peak around 33 meV and a weaker one around 37 meV.
The observed magnetic inelastic scattering can be well described using linear spin wave theory [54, 55] . The double-peak structure can be approximately attributed to spin waves on the Ir and Ni sites. The stronger lower-energy peak corresponds to spin waves on the Ni 2+ ions since the spin wave intensity is proportional to the spin quantum number. Besides, if the large spin gap is attributed to exchange anisotropy, the upper peak has to be Ir spin waves, due to the larger Weiss molecular field at the Ir sites created by the larger spin of the Ni 2+ ions. The published neutron diffraction data of Sr 3 NiIrO 6 can be equally well fitted with two different solutions [52] both with ordering wave vector k = (0, 0, 1). In the first structure, the moments along the chains build up amplitude modulated AFM order, while in the second one only two third of the chains are ordered with AFM arrangement along the chains. In the partially ordered chain structure 2/3 of the moments would contribute to spin wave scattering and 1/3 to the diffuse scattering. In the spin wave calculations, we assume fully ordered chains of spin-1 and spin-1/2 ions and neglect inter-chain coupling. Owing to the SOC, we expect strongly anisotropic exchange interaction along the chain and a single-ion anisotropy for the spin-1 Ni site. Due to the threefold axis along the Ni-Ir chains (see Fig.1 ), the most general exchange matrix has two different diagonal elements, J z and J xy and the single-ion anisotropy can have only a D z component on the Ni-site. The observed magnetic structure suggests that J z is AFM and larger than J xy . We neglect further neighbor interactions, based on similar 1D-chain models that have been explored for Sr 3 CuIrO 6 [50] and Ca 3 Co 2 O 6 [31] , both has given excellent agreements between the data and calculation and we could also achieve excellent result with the following simple model
where S i with odd and even i denotes Ir and Ni spins respectively. Using a two-sublattice single chain unit cell and effective Hamiltonian given by Eq. 1 the fitting of the spectrum is reduced to a single parameter fit, D z [53] . To fit the observed spin wave spectrum, we have calculated the spin-spin correlation function and the neutron scattering cross section using the simulation package SpinW [56] . Using ω min = 29.5 meV and ω max = 39.0 meV, the best fit gives a unique result: D z = −7.15(5) meV, J z = 19.50(5) meV and J xy = 12.14(5) meV. The Q-integrated cuts convoluted with the instrumental energy resolution are shown on Fig. 4(c) . Fig. 4(d) shows the spin wave cross section localized on Ni and Ir sites separately. The calculated intensity includes the square of the g-factor of Ni 2+ (S = 1, L = 3, J = 4, g N i = 5/4) and Ir 4+ (S = 1/2, L = 2, J = 5/2) ions and the magnetic form factor calculated from tabulated values and the g-factor [57] . The fit shows an excellent agreement with the data and also the Q-dependence is very well reproduced (see Fig. 4(b) ). The only significant difference is the Q dependent intensity of the upper Ir mode, where the measured intensity decreases slower as given by our magnetic form factor. This suggest that the Ir 4+ orbitals are significantly contracted in comparison to the free Ir 4+ ion. Ab-initio calculations would be necessary to precisely determine the magnetic form factor, however, this is beyond the scope of this paper. The calculated spin wave cross section agrees very well with the measured data in absolute units assuming fully ordered chains. Thus we can also exclude the partially ordered chain structure as a possible ground state, since it would reduce the spin wave cross section by 1/3.
In conclusion, we have investigated Sr 3 NiIrO 6 using inelastic neutron scattering, along with a spin-wave analysis. Our INS study reveals spin wave excitations with with a giant energy gap of 30 meV at 5 K. More strikingly, these gapped excitations survive up to a high temperature of 200 K, well above T N , thus confirming the quasi-1D nature of the magnetic interaction. Our spin wave analysis has given an excellent description of the experimental data. The presence of giant spin gap, as compared to the very small spin gap in Sr 3 ZnIrO 6 having only 5d magnetic ion (below 1.5 meV with ZB of 5 meV) reveals that mixed 3d-5d (or 3d-4d) compounds can generate distinct exchange pathways and thus novel magnetic behaviors. Therefore, the present study can foster the research on the magnetic excitations in spin-chain systems to consider such hitherto unrealized factors, and would generate theoretical interest of the development of a more realistic model to understand the complex magnetic behavior of these systems.
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SUPPLEMENTARY MATERIAL
• C. Stoichiometric powder mixtures of NiO (Alfa Aesar, 99.999% purity), IrO 2 (Umicore) and SrCO 3 (Alfa Aesar, 99.99% purity) were annealed for 24 hours. The checking of the phase purity of the end product and the determination of unit cell parameters were carried out using an x-ray powder diffractometer (XRD) with Cu-Kα1 radiation at room temperature. Furthermore the quality of the sample was checked using neutron diffraction measurement at 100 K on the WISH diffractometer at ISIS facility of the Rutherford Appleton Laboratory (RAL) in the UK. The magnetization and heat capacity measurements were carried out using commercial MPMS and PPMS systems (Quantum Design) respectively in the temperature range of 2 and 300 K.
Our XRD analysis shows that the Sr 3 NiIrO 6 sample was single phase and crystallized in the space group R3c (space group No.: 167) with Z = 6 formula units per unit cell. The lattice parameters • at T = 100 K were determined from the neutron diffraction experiment [2] , values are shown in Table I, which are consistent with previous reports [3] [4] [5] [6] . The different bond lengths and inter atomic distances are shown in Tab. II and selected bond angles are given in Tab Figure 5 shows the magnetic susceptibility (χ) of Sr 3 NiIrO 6 as a function of temperature in zerofield-cooled (ZFC) and field-cooled (FC) conditions measured in an applied magnetic field of 0.1 T. Although both the ZFC and FC susceptibilities arise sharply below T = 70 K, these exhibit considerably different behavior below T = 20 K. While the ZFC signal sharply drops below 20 K, the FC susceptibility is almost constant below 20 K. Similar behavior was previously reported [7, 9] and also observed in single crystals of Sr 3 NiIrO 6 in external field parallel to the c-axis [1] . Furthermore, the spin-chain compound Sr 3 NiRhO 6 (T N = 65 K) also exhibits very similar behavior in the ZFC and FC susceptibility [10] [11] [12] . On the other hand, the susceptibilities of Sr 3 ZnIrO 6 (T N = 19 K) [13] [4, 14, 15] and Sr 3 ZnRhO 6 (T N = 16 K) [8, 11, 12] do not show any difference between ZFC and FC susceptibility below T N . It is a general trend for the spin-chain systems of this family having two different magnetic atoms alternating along the chain to exhibit considerable different behavior in the temperature dependent susceptibility for ZFC and FC. The inverse susceptibility of Sr 3 NiIrO 6 exhibits a Curie-Weiss (CW) behavior between 200 and 300 K with an effective total moment of 3.54(5)µ B per formula-unit and paramagnetic CW temperature of −22.1(3) K for ZFC data (see inset of Fig. 5 ). However these values should be taken as rough estimates, due to the different temperature dependence of the paramagnetic susceptibility of Ir and Ni ions. The negative sign of the CW temperature indicates dominant antiferromagnetic interactions. Furthermore, χ exhibits a broad maximum below 100 K, indicating the lowdimensional nature (or due to frustration) of the magnetic interactions in Sr 3 NiIrO 6 . The measured ac-susceptibility has a peak in the real part (χ ) at 20 K [1] , which shows strong frequency dependence (i.e. peak position increases with frequency) and the time dependent magnetization follows logarithmic decay at 20 K. These results show the importance of magnetic frustration due to the triangular nature of the crystal structure. We have also measured the heat capacity of Sr 3 NiIrO 6 between 2 K and 300 K (see Figure  6 ) and haven't found any clear signature of magnetic phase transition down to 2 K, even though the neutron diffraction study clearly reveals the present of magnetic Bragg peaks below 70 K [1] , confirming AFM magnetic order below 70 K. On the other hand, the neutron diffraction data did not show any clear change in the magnetic structure between 2 K and 70 K. It should be noted that the heat capacity of Sr 3 NiRhO 6 [11, 16] , did not reveal any magnetic phase transition either, but those of Sr 3 ZnIrO 6 [14, 15] 
SPIN WAVE CALCULATIONS
We propose a simple magnetic Hamiltonian, where we take into account only interactions between nearest neighbor magnetic atoms along the c-axis and single ion anisotropy of the Ni 2+ ions. This model gives a perfect fit to the inelastic neutron scattering (INS) powder data, this also justifies that the interchain interactions can be neglected. Due to the rhombohedral-translations every Ni-Ir chain are equivalent to a single chain with two atoms. We denote the Ir and Ni atoms with sublattice a high energies is much harder due to the cutoff of the INS intensity at higher Q values because of the magnetic form factor. We simulated this scenario within our spin wave model. The highest possible energy of the upper band is 75 meV assuming negative D z , this belongs to D z = 0 meV, J z = 37.5 meV and J xy = 20 meV. In this case the gap is induced only by the difference between J z and J xy . However in this case the lower band in the Q-integrated cuts would be symmetric as a function of energy, which is not consistent with the data, where the inelastic peak shows a shoulder higher energies. In addition, the Q-dependence of the lower magnon band would show the Ni form factor mainly, which doesn't fit the data either, where the upper shoulder has clearly different Q-dependence than the peak intensity at 35 meV, see Fig. 4 (c-d) in the manuscript. Thus we can exclude that there is an upper undetected spin wave branch with great confidence.
